Converting biological discoveries into commercial-scale processes requires that graduating chemical engineers obtain an understanding of modern bioprocess principles. This paper describes the development and implementation of a five week long protein production project into a multidisciplinary upper level elective course on bioprocess engineering.
Introduction
This paper describes a five-week laboratory project integrated into a Bioprocess Engineering elective course. Biological products span the entire range from "high volume, low value" to "low volume, high value." In 2006, 4.9 billion gallons of ethanol was produced from corn, for an approximate value of $5.25 billion. 1 In 2001, high fructose corn syrup sales in the U.S. totaled $2.6 billion. 2 Industrial enzymes sales worldwide were $1.6 billion in 1998, with 25-30% used for detergents. 3, 4 An order of magnitude greater than these markets was the protein therapeutics market in 2006, amounting to $67 billion worldwide. 5 To mimic the production of a protein therapeutic, the laboratory project developed for the course centered on the production and purification of a colorful protein. In an attempt to maximize the benefit of the laboratory project, students were presented with an open-ended research challenge that incorporated an aspect of competition. The remainder of this section explains the reasoning behind this framing of the project.
In an inductive approach to learning, students are presented with a specific challenge, and in their attempts to meet the challenge learn general principles. 6 When structured properly, laboratory projects may be classified as inductive learning experiences. Laboratory projects have been shown to enhance development of discipline-specific skills and general research skills. Additionally, longer-term laboratory projects may allow students to develop skills associated with undergraduate research experiences. Undergraduate research has been shown to increase Page 13.316.2 student satisfaction with education and serve as an "educational and personal-growth experience with many transferable experiences." 7, 8 The specific nature of student involvement in a course has a significant impact on student success and satisfaction. [9] [10] [11] [12] Biggs and Moore classify four types of motivation:
12
-intrinsic: natural curiosity or interest in the activity itself -social: please the professor or peers -achievement: enhance position relative to others -instrumental: gain rewards beyond the activity itself Students motivated by intrinsic and social drivers will naturally engage in their education. Positive competition has been used in lecture settings to appeal to students motivated by achievement or instrumental drivers. 13 In the case of the protein production challenge:
-In order to foster an inductive environment that mimics an "undergraduate research" experience, the project was given an open-ended structure in which students were challenged to develop their own optimized experimental procedure. -In order to motivate all students to engage in a laboratory project, particularly those motivated by achievement or instrumental drivers, an element of competition was integrated into the project. 14, 15 Students were provided with a basic protein production protocol for each protein (Appendix A). The students were free to modify the protocol as they saw fit to enhance their performance on the project.
Materials and Methods

Development
Protein Production Project
During the final five weeks of the semester, students work in the laboratory to produce a colorful protein through recombinant DNA methods. During the early weeks of the project, students become familiar with the basic skills required in the laboratory and are free to perform experiments to optimize protein expression and purification. The course instructor is available for consultation and assistance in the lab. The final week is production week, where students have one chance to produce and purify a protein for a grade.
Graduate students are required to participate in the project, and perform the project individually. Undergraduate students have the option of participating in the project, and perform the project as part of a three or four member team. This is consistent with norms at the institution for dualenrolled graduate/undergraduate courses; students taking courses for graduate credit are required to display a more in-depth mastery of course material. Undergraduates that participate in the Page 13.316.3
project can have one of their two in-semester exam grades replaced by their grade on the project, which encourages most students to participate. Undergraduates who do not participate in the project are still responsible for the material, as it appears on the final exam, but do not have a graded deliverable in place of the project.
At the end of the project, each production team submits a production laboratory report that details the materials and equipment used, and the status after each major stage of production. This report is graded. In addition, the team that scores the highest on the protein production rubric is guaranteed an A on the project. The protein production rubric is available in Appendix B. This arrangement creates an environment of friendly competition, as each team attempts to generate the highest score on the production rubric, but can also earn a good grade by writing a strong report.
The dollar values listed in the protein production rubric were based on benchmarking runs performed during Summer 2006 and selected to encourage continued student experimentation in the laboratory. For a typical protein production, protein production and one step purification costs approximately $255 ($210 for production, $45 for purification). Producing 1 mg of protein is a routine task, and results in a bonus of $275. One efficient protein separation step can lead to bonus for both purity goals, resulting in additional bonuses totaling $700. In two years of offering the project, no team or student has failed to produce a positive score on the rubric, with the winning team achieving the production and both purity goals. The average level of performance achieved by individual graduate students and teams of undergraduate students has been comparable.
Assessment
The Two common questions have appeared on the final exams for all three years. The final exam was worth 30% of the course grade. The first is an enzyme kinetics problem, which is unrelated to the project, and can be considered as an indicator of student variability independent of the project from year to year. The second is a question about bioseparation techniques, which is related to the project, and can be considered as an indicator of project impact on student mastery of discipline skills. These final exam questions can be found in Appendix C.
Final exam solutions on these two problems for all students over the past three years were independently evaluated by a faculty member not involved in the course. All identifying aspects Page 13.316.4
of the student solutions (names, dates, instructor scores) were removed and student solutions were assigned a random number to be used for identification purposes by the evaluator. The solutions were evaluated using existing rubrics, where student solutions are evaluated on multiple topics using a four point scale (4 is high, 1 is low). 16, 17 Each question was rated from 1-4 (4=best) with respect to indicators such as "Formulates appropriate solution strategies," "Identifies relevant principles, equations and data," "Systematically executes the solution strategy," and " The results in Table 1 summarize the results of the evaluations. The 2006 and 2007 cohorts are combined since they both had the opportunity to do the project. The fact that the students who did the paper project performed better on the separations (projectrelated) question than those who did the lab project, in itself, could be construed as evidence that the laboratory project was ineffective. However, the 2005 class out-performed the 2006/2007 cohort on both questions with respect to every single indicator measured, suggesting that it was simply the stronger class for reasons independent of the project.
The students who did the paper project performed better on the kinetics (non-project) question than the separations question, while the students who did the lab project performed better on the separations (project) question. This observation is consistent with the laboratory project being more effective at achieving desired outcomes than the paper project, but the differences noted are much too small to be statistically significant.
As expected, the 2007 students who opted not to complete a project performed below average on the project-related question, though they were above average on the kinetics question. The number of such students, however, was too small to demonstrate anything conclusively.
Summary
A competitive protein production project has been developed and implemented in a multidisciplinary senior and graduate student Bioprocess Engineering course. The competitive nature of the project, where the team that scores the highest on the production rubric is guaranteed an A, has motivated 23 of 25 undergraduate students to perform the project over the last two years. The protein project has been mentioned as the best feature of the course on over half of the course evaluations over the past two years. By appealing to all types of motivation, a high level of student involvement and satisfaction were observed.
Future assessment data based on independent, rubric-based evaluation of final exam solutions over the past three years will determine if participation in the project improved student comprehension of course material related to the project. -Recipe for 1 L M9 media: 100 mL of 10x M9 stock, 1 g of NH4Cl, bring to 980 mL adjust to pH 7.4, autoclave; for 2 liters of media: 8 g glucose, 1 g MgSO4, 2 tubes thiamine stock (each tube = 1 mL of 10 mg/mL), 2 tubes FeSO4 stock (each tube = 1 mL of 10 mg/mL), 200 uL 1 M CaCl2, and 160 mg carbenicillin. Bring to 40 mL with distilled water and cold filter into media. 1 L of 10x M9 = 128 g of Na2HPO4*7H2O, 30 g KH2PO4, 5 g NaCl. Page 13.316.7
Final exam question on enzyme kinetics -negative control:
The following data were recorded during a test of kinetics of an enzyme-catalyzed reaction at 49.6 ºC. The enzyme concentration was 1.6 g/L.
S Determine the Michaelis-Menten constant (K m ) and maximum reaction velocity (v m ).
Final exam question on classification of bioseparations -project related:
Blanch and Clark group bioseparation operations into four categories based on their general purpose. List the four general categories and provide an example of a bioseparation technique in each category.
